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A B S T R A C T
The emerging vapor pressure-driven osmosis (VPDO) membrane technology enables direct conversion of
abundant low-temperature (< 100 °C) heat resources to useful work. In this study, a theoretical model is es-
tablished to understand mass and heat transfer of VPDO, and two hydrophobic nanoporous membranes, poly-
propylene (PP) and polytetrafluoroethylene (PTFE), of different chemistry and structural properties were
evaluated. Although the PP membrane has a less effective transport pathway, the considerably larger pore size
yields a much higher Knudsen diffusivity that results in consistently higher vapor fluxes across different tem-
perature-pressure conditions. This finding provides strong evidence that mass transfer in VPDO is dominated by
Knudsen diffusion. Additionally, we find that operation at higher pressurizations caused vapor flux decline that
is attributed to the membrane morphological deformation. However, the PP membrane is less sensitive to the
effects of compaction, underlining the importance of membrane mechanical robustness for VPDO. Lastly, the
study shows that evaporative heat transfer is significantly greater than conductive losses and the PP membrane,
with higher water fluxes, has better evaporation thermal efficiencies. This study provides fundamental under-
standing on the impacts of membrane properties on mass and heat transfer in VPDO, and highlights the cen-
trality of vapor permeability and mechanical robustness in developing high-performance membranes.
1. Introduction
Low-temperature heat resources below 100 °C exist in vast amounts
and are widely accessible. As much as 50% of industrial energy input is
reported to be lost as waste heat [1], of which 42% is estimated as heat
below 100 °C [2]. In the United States alone, around 10.6 EJ of waste
heat is generated each year [3]; in comparison, the annual national
energy consumption is 105.6 EJ in 2018 [4]. Geothermal energy housed
in Earth's crust is another abundant source. Heat up to 100 °C can be
obtained from shallow wells at less than 3.5 km beneath the ground
nationwide in the United States [5,6], with the total U.S. geothermal
energy estimated to be≈ 14× 106 EJ [6]. So far, only a tiny proportion
of these readily accessible low-temperature heat is utilized. As such,
low-grade heat offers promising opportunities for sustainable energy
production.
Due to the relatively poor heat quality, currently there is a lack of
technologies that can efficiently utilize the low-temperature thermal
energy. Solid-state thermoelectric devices can use low-temperature
heat, but oftentimes require expensive exotic materials and are, hence,
not cost-effective [7,8]. Various thermo-electrochemical systems have
been developed for power generation with low-temperature heat uti-
lizing metal complexation reactions [9–11], or temperature-dependent
electrochemical redox potentials [12–14]. However, these processes
typically suffer from poor energy efficiencies.
Recently, a vapor pressure-driven osmosis (VPDO) membrane
technology, also termed “thermo-osmotic energy conversion (TOEC)”
[15–17] or “pressure-retarded membrane distillation (PRMD)” [18],
has been proposed to extract useful work from low-grade heat. Working
principle of VPDO is based on vapor transfer across a hydrophobic
nanoporous channel as depicted in Fig. 1. The membrane separating the
hot and cold streams is hydrophobic and, hence, the nanoscale pores
are not wetted. The temperature difference between the streams sets up
a vapor pressure gradient, thus driving vapor flux across the membrane.
Subsequent vapor condensation at the cold side increases the cold
stream volume, resulting in buildup of transmembrane hydraulic
pressure difference (ΔP). This hydraulic pressure can be converted to
useful work by depressurizing through a hydroturbine, i.e., thermal
energy → mechanical energy → electrical energy. The power genera-
tion process can be described by W= ∫ ΔPdV, where W is the useful
work and dV is the increase in cold stream volume. The product of
https://doi.org/10.1016/j.memsci.2019.117181
Received 11 March 2019; Received in revised form 12 May 2019; Accepted 10 June 2019
∗ Corresponding author. Department of Earth and Environmental Engineering, Columbia University, New York, NY, 10027-6623, United States.
E-mail address: n.y.yip@columbia.edu (N.Y. Yip).
Journal of Membrane Science 588 (2019) 117181
Available online 20 June 2019
0376-7388/ © 2019 Published by Elsevier B.V.
T
vapor flux and hydraulic pressure yields the power density (or,
equivalently, W normalized by the effective membrane area). Hence,
vapor flux and ΔP are important performance parameters for VPDO.
To advance the emerging VPDO membrane technology towards
actual utilization of low-grade heat for energy production, enhanced
fundamental understand of the process is first needed. While theoretical
analyses have shed light on the performance-limiting effects of the
VPDO process and suggested desirable membrane properties [16,18],
experimental validations of these analytical results are lacking. To date,
there are no commercial membranes specifically designed for VPDO
and, so far, experimental tests on only one commercial ultrafiltration
membrane and one lab-fabricated asymmetric membrane have been
reported [15,19,20]. Understanding the role of the membrane proper-
ties in the performance of the VPDO technology is vital for improving
process efficiency and for the development of high-performance mem-
branes.
The objective of this study is to investigate the effects of membrane
chemistry and structure on the performance of VPDO. Vapor flux and
evaporation thermal efficiency of two hydrophobic nanoporous mem-
branes with different chemical compositions and structural properties
were evaluated under a range of transmembrane temperature gradients
and applied hydraulic pressures. A model describing mass and heat
transport is presented and employed to explain the experimental
membrane performance. Lastly, implications of the findings for con-
verting low-grade heat to useful work by VPDO are discussed.
2. Theory
2.1. Mass transfer in VPDO
Mass transfer through the hydrophobic nanoporous membrane can
be described using a generalized form of the Maxwell-Stefan equation
combined with the dusty-gas model [21–23]. With reasonable simpli-
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where the difference between vapor pressures of the hot and cold
streams, Pv,H and Pv,C respectively, signifies the driving force for vapor
flux.Mw is the molar mass of water, Rg is the gas constant, T is the mean
temperature in the membrane matrix, and Dwa and DK are coefficients of
molecular diffusion and Knudsen diffusion, respectively. Parameters
that characterize the membrane structure are porosity, ε, thickness, δ,
and pore tortuosity, τ. Aggregating these membrane properties and
physical constants together yields the membrane vapor permeability
coefficient, Bv, which describes an intrinsic vapor transport property of
the hydrophobic nanoporous membrane.
As indicated by Eq. (1), mass transport in the VPDO process is
governed by the Knudsen diffusion and molecular diffusion mechan-
isms. Knudsen diffusion coefficient, DK, describes resistance to mass
(vapor) transport based on collisions between vapor molecules and the











The interaction between water vapor and air molecules, which de-
scribes the molecular diffusion mechanism, is characterized by Dwa. An



















where Ma is the molar mass of air, Vw and Va are the molar volumes of
water vapor and air, respectively, and Pa indicates the pressure of air
within the pore. Note that Bv varies within 1% between temperatures of
20–80 °C that are relevant in VPDO and, thus, can be considered tem-
perature-independent in this study.
As shown in Eqs. (1)–(3), membrane porosity, thickness, and tor-
tuosity determine an effective pathway for vapor transport (δτ/ε in Eq.
(1)), whereas the ratio of effective membrane pore size, reff, to the
molecular mean free path, affects the relative contributions of Knudsen
diffusion and molecular diffusion to mass transfer resistance (Eqs. (2)
and (3)). For instance, vapor transport through pores having small ef-
fective radii, reff, is dominated by Knudsen diffusion. Thus, effective
mass transfer is expected for membranes with high porosity, low tor-
tuosity, and small thickness, whereas large pore sizes are anticipated to
be also desirable for high vapor flux.
2.2. Heat transfer in VPDO
Heat transfer in VPDO is governed by both convection and heat
conduction. Total heat flux through the hydrophobic nanoporous
membrane, Q˙, can be expressed as [23,26,31,32].
= + −Q J H k
δ
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where ΔHv is the enthalpy of water vaporization, km is the membrane
thermal conductivity, and TH,m and TC,m are liquid-pore interfacial
Fig. 1. Schematic diagram of VPDO membrane technology. A) Working prin-
ciples of VPDO energy production, where two streams are separated by a hy-
drophobic, i.e., non-wetting, nanoporous membrane. The difference between
hot- and cold-stream temperatures, TH, and TC, drives vapor flux (white arrows)
across the hydrophobic membrane. The permeated vapor condenses and in-
creases the cold stream volume, dV, setting up a transmembrane hydraulic
pressure difference, ΔP (represented by the green wavy arrow). Therefore,
useful work produced is W= ∫ ΔPdV. B) Transport across the membrane na-
nopores. The vapor flux driven by the difference between the hot- and cold-
stream partial pressures, Pv,H and Pv,C, respectively, transport through the hy-
drophobic nanopores of the membrane matrix, and condenses at the pressurized
cold stream. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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temperatures at the hot- and cold-stream sides, respectively. The first
term in Eq. (4), JvΔHv, denotes evaporative heat flux associated with
the latent heat of water vaporization, and the second term,
km(TH,m− TC,m)/δ, presents conductive heat transfer across the mem-
brane matrix. We note that ΔHv of the condensation process varies<
1% from that of the vaporization process. For simplification of analysis,
ΔHv is assumed to be constant in this study, i.e., the process can be
considered as adiabatic.
Useful work is produced in VPDO by driving vapor flux across a
hydrophobic nanoporous membrane from a hot stream to a pressurized
cold stream. The evaporation thermal efficiency, αevp, is defined as the
ratio of heat utilized for water vaporization to the total heat flux across
the membrane, Eq. (5). A higher αevp indicates a more efficient con-
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We note that αevp is strongly affected by membrane properties since
Jv is a function of membrane pore size, porosity, and tortuosity (Eq.
(1)), and km is dependent on chemistry and porosity of the membrane.
As shown earlier in Eq. (1), vapor flux, Jv, is inversely proportional to
the membrane thickness, δ. Hence, the influence of the membrane
thickness on αevp (i.e., term 1/δ) cancels out in Eq. (5), indicating that
the evaporation thermal efficiency is independent of membrane thick-
ness. Note that αevp is not directly related to power density.
3. Materials and methods
3.1. Hydrophobic nanoporous membranes
Two commercial hydrophobic nanoporous membranes having dif-
ferent chemical and structural properties were investigated in this
study. Polypropylene (PP) membrane with nominal pore size of 100 nm
was acquired from Membrana GmbH (Wuppertal, Germany).
Polytetrafluoroethylene (PTFE) membrane was obtained from Pall
Corporation (Westborough, MA) and comprises a thin hydrophobic
PTFE layer with nominal 20-nm pores supported by a polyester (PET)
substrate.
3.2. Membrane characterization
3.2.1. Characterization of structural properties
Surface and cross-sectional morphologies of the PP and PTFE
membranes were investigated using scanning electron microscope
(SEM, Zeiss Sigma VP, Oberkochen, Germany). To obtain cross-sec-
tional images, dry membranes were frozen in liquid nitrogen and then
fractured aided by a razor blade. All samples were sputter-coated with a
20-nm gold layer (108 auto sputter, Cressington, UK) before imaging.
Membrane surface roughness was measured by atomic force micro-
scopy (AFM, Bruker Dimension FastScan AFM, Bruker, Germany) in
tapping mode with a scan area of 2.0× 2.0 μm. For each membrane
coupon, three different locations were scanned and the data were
processed using Gwyddion software to obtain the average surface
roughness. The membrane thickness was measured with a digital mi-
crometer and also determined from the cross-sectional SEM micro-
graphs using ImageJ software.
3.2.2. Contact angle measurements and surface free energy calculations
Water contact angles were measured with a goniometer (ramé-hart
Model 260, Succasunna, NJ) using the static sessile drop method [33],
and analyzed by a post-processing software (DROPimage Advanced
software). Surface free energies of both the PP and PTFE membranes
were calculated using the revised Young's equation [34]:
= − + − −θ
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where θin indicates the intrinsic water contact angle on a perfectly
smooth surface, γl is the surface tension of the liquid, i.e., deionized (DI)
water, γs is the surface free energy of the membrane, and β is an em-
pirical constant, 124.7 m4 /J2 [34]. θin is calculated from the apparent
contact angle measured on the actual rough membrane surface, θapp,
using the Wenzel model, cos θapp= rrg cosθin, with rrg being the surface
roughness factor, defined as the ratio of actual surface area to the
projected area. The surface roughness factor was obtained from AFM
analysis [33,35].
3.2.3. Liquid entry pressure test
Liquid entry pressures, LEPs [36], were determined using a custom-
built membrane test cell (detailed later in section 3.3.1). DI water is
circulated in the bottom channel of the membrane cell and different
hydraulic pressures were applied against the hydrophobic layer of the
membranes using a gear pump and a back-pressure regulator. The top
cell channel was open to the atmosphere. The bottom channel pressure
was increased from 69 to 2070 kPa (10–300 psi) in increments of
69 kPa (10 psi), with each pressure maintained for 15min. The pressure
at which water leakage is first observed was reported as the membrane
LEP. Maximum effective pore size, dp,max, can be calculated from the









where ΔPl,C is the pressure difference at the liquid-pore interface.
3.2.4. Porosity and pore size distribution measurement
Membrane porosity was determined by a gravimetric method [37].
Membrane samples were first completely wetted using isopropanol and
then immersed in several DI water baths to exchange the pore-filled
isopropanol with DI water. The dry and water-wetted samples were
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where mwet and mdry are the weights of the wetted and dry membranes,
respectively, and ρp and ρw are the densities of membrane polymer and
water, respectively. Because the PTFE layer peeled off from the PET
support crumbles up, porosity of the PTFE membrane was determined
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where superscripts “int”, “PTFE”, and “PET” denote properties of the
integral membrane, PTFE layer, and PET support, respectively.
Membrane pore size distributions were characterized by a custom-
built capillary porometer setup using the wet/dry flow method.
Detailed methodology is described elsewhere [38,39]. Briefly, flowrates
of nitrogen gas across the dry and fully-wetted membranes were mea-
sured at the same gas pressure increments. The pore size at a certain gas
pressure can be calculated using the Laplace-Young equation. The
fraction of pores with the corresponding size is determined from the
difference in gas flowrates measured from wet and dry permeation tests
[38,39].
3.3. Experimental set-up of flux tests
3.3.1. Bench-scale system
The bench-scale experimental VPDO setup is illustrated in Fig. 2.
Gear pumps were used to circulate the hot and cold streams as
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represented in red and blue, respectively. The hydraulic pressure and
flowrate of the cold stream were adjusted by a back-pressure regulator
and a flow-control needle valve. Hot- and cold-stream temperatures
were controlled by a circulating bath and a refrigerated recirculating
chiller, respectively (PolyScience, Niles, IL). A custom-built crossflow
membrane cell was used for VPDO performance test. The length and
width of the channel on both sides are 107 and 36mm, respectively,
whereas channel depths of the hot and cold sides are 0.5 and 3.0mm,
respectively. A customized two-layer woven tricot spacer was applied in
the hot-stream channel to support the membrane geometry and to en-
hance hydrodynamics. Effective membrane area of 19.0 cm2
(2.5×7.6 cm) was exposed to the hot and cold streams. Entry and exit
temperatures of the membrane cell for both the hot and cold streams
were measured by custom-made K-type thermocouples (Omega En-
gineering, Norwalk, CT) and recorded with LabJack U6 data logger
(Lakewood, CO). The weight of a hot feed tank was continuously re-
corded by a digital scale and logged using WinWedge software (TAL
Technologies, Philadelphia, PA).
3.3.2. Experimental protocol
For both hot and cold streams, DI water was used as the working
fluid, operated in a co-current mode at a flowrate of 0.4 L/min. Vapor
flux across the membrane was driven by the temperature gradient of 20,
35, or 50 °C, achieved by varying the bulk-phase temperature in the hot
stream, TH, while maintaining the cold stream bulk-phase temperature,
TC, at 293 K (20 °C). At each temperature gradient, three different hy-
draulic pressures, Ph, were applied at the cold stream to produce the
transmembrane pressure difference, ΔP, for power generation. Because
the hot stream is effectively at ambient pressure, ΔP≈ Ph − 0= Ph.
Additionally, the hydrophobic nanoporous membranes need to with-
stand Ph without wetting during VPDO operation. To evaluate the
performance of the PP and PTFE membranes under identical VPDO
operating conditions, the hydraulic pressures were chosen based on the
lower LEP of the two membranes. In this study, Ph of 69, 207, and
414 kPa (10, 30, and 60 psi) were applied (LEP results discussed in
section 4.1). For each temperature-pressure condition pair, VPDO ex-
periments were carried out in triplicates using fresh membrane cou-
pons. Steady-state vapor flux was determined from the rate of weight
change of the hot-stream tank over 15min, after the vapor flux had
stabilized. Additional weight loss attributed to water evaporation from
the hot-stream tank was corrected by baseline tests using nonpermeable
aluminum foil coupons (i.e., no vapor flux from the hot to feed stream
side), and was monitored to be<8% of the total vapor flux across the
membrane in all experimental runs.
4. Results and discussion
4.1. Membrane characteristics
Top, bottom, and cross-sectional SEM micrographs of the PP and
PTFE membranes are shown in Fig. 3. The top surface of the PP
membrane features a globular structure, which is typical of membranes
prepared via phase separation (Fig. 3-A1) [40]. A similar form of
polymer aggregation with a globular structure was observed for the
bottom side of the PP membrane (Fig. 3-A2) [41]. The PTFE membrane
showed a highly fibrillated structure on the top surface (Fig. 3-B1),
whereas a non-woven polyester substrate was observed at the bottom of
the membrane (Fig. 3-B2). Average surface roughness of the PP and
PTFE membranes, Ravg, are 101.7 and 124.4 nm, respectively, as char-
acterized by AFM (Table 1) [42]. The surface roughness factors, rrg, of
the PP and PTFE membranes were calculated using the actual and
projected membrane surface area obtained from the AFM imaging to be
2.44 and 1.89, respectively (Table 1).
Apparent water contact angles of the PP and PTFE membranes are
129.1° and 137.4°, and the surface free energies of these membranes, γs,
were calculated to be 20.04×10−3 J/m2 and 15.39×10−3 J/m2, re-
spectively, using Eq. (6) (Table 1). The surface free energies are in good
agreement with reported literature values [43]. LEP of the PTFE
membrane (1790 kPa) is higher than the PP membrane (510 kPa). The
higher LEP of the PTFE membrane is attributed to the smaller pore size,
lower surface energy, and rougher surface texture that provide better
resistance to pore wetting (Eq. (7)) [33,44]. Thickness of the PP and
PTFE membranes obtained using a micrometer, 92.3 μm and 55.3 μm,
are comparable to those determined from their cross-sectional SEM
micrographs (Fig. 3-A3 and 3-B3), 99.7 μm and 42.9 μm, respectively.
Subsequent analysis utilized the thickness values obtained by digital
micrometer.
Porosity of the PTFE membrane (83.6%) is markedly higher com-
pared to that of the PP membrane (69.9%). Pore size distributions of the
two membranes can be inferred from Fig. 4, showing the occurrence of
different pore sizes (dp) based on the wet/dry flow method [39,45]. The
largest pores are ≈420 and 350 nm for the PP and PTFE membranes,
Fig. 2. Schematic diagram of the bench-scale ex-
perimental setup for the VPDO membrane flux tests.
Red and blue color represents the hot and cold
steam, respectively. Vapor flux is recorded by the
rate of weight change of the hot feed tank. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
X. Chen, et al. Journal of Membrane Science 588 (2019) 117181
4
respectively. It is worthwhile to note the largest pores measured using
capillary porometry directly determine the membrane LEP. Because of
the bilayer composition, the pore size distribution of Fig. 4B is effec-
tively governed by the top PTFE layer, whereas the PET support layer is
the main contributor to the bulk membrane porosity. The median pore
size of the PP membrane is comparable to the manufacturers' nominal
pore size value of 100 nm. Due to measurement limitation of the wet/
dry flow method, smaller pore sizes down to manufacturers’ specifica-
tions of 20 nm are not characterized.
4.2. Impact of membrane chemistry and structure on mass transfer
Vapor fluxes of the PP and PTFE membranes evaluated under dif-
ferent transmembrane temperature gradients and hydraulic pressures,
Ph, are presented in Fig. 5. An exponential increase in vapor flux, Jv,
with increasing temperature difference across the membrane was ob-
served for both membranes and for all Ph. Vapor pressure of the hot
stream, Pv,H, in excess of the cold side vapor pressure, Pv,C, provides the
driving force for vapor flux. The exponential vapor flux-temperature
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where ∗Pv,C and ∗TC are the vapor pressure and temperature at reference
state (273 K at atmospheric pressure), respectively, and TH,m is tem-
perature at the liquid-air interface. As Pv,C is effectively maintained
constant, Eq. (10) represents the effective driving force for vapor flux,
which increases exponentially with TH,m. This theoretical prediction
corresponds well with the observed increase in vapor fluxes of the PP
and PTFE membranes with increasing hot stream temperature as shown
in Fig. 5.
The PP membrane achieved higher Jv than the PTFE membrane
(Fig. 5A and B, respectively) under the same pressurizations as expected
from its higher vapor permeability, Bv (4.31× 10−7 and
3.37×10−7 s/m for PP and PTFE membranes, respectively), calculated
Fig. 3. SEM micrographs of the membranes.
A1) and A2) show planar views of the top
and bottom sides, respectively, and A3) is
the cross-sectional view of the PP mem-
brane. B1) Top planar view of the PTFE
active layer, B2) bottom planar view of the
PET support layer, and B3) cross-section of
the composite PTFE/PET membrane.
Separate layers are indicated by the red
arrows. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
Table 1
Properties of PP and PTFE membranes.
Membrane characteristics PP PTFE
Surface roughness, Ravg (nm) 101.7 ± 28.3 124.4 ± 13.4
Roughness factor, rrg 2.44 ± 0.61 1.89 ± 0.03
Water contact angle, θapp (°) 129.1 ± 3.1 137.4 ± 2.2
Surface free energy, γs (×10−3 J/m2) 20.04 15.39
Membrane thickness, δm (μm) 92.3 ± 3.31 55.3 ± 15.7
Support thickness, δspt (μm) 0 41.3
LEP (kPa) 510 1790
a Nominal pore size, dp,eff (nm) 100 20
Maximum surface pore size, dp,max (nm) 360.0 118.5
Membrane porosity, ε (%) 69.9 ± 0.3 83.6 ± 0.2
a Manufactures' specifications.
Fig. 4. Pore size distributions of A) PP and B) PTFE membranes determined by capillary porometry, equivalent to the difference between dry and wet flow rates, ΔF.
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using Eqs. (1)–(3). Tortuosity is determined from porosity using the
correlation τ= ε−1/2 [24,46–48]. Analysis of specific terms in Eq. (1)
further reveals the effects of structural parameters τ, δ, and ε on VPDO
vapor fluxes. The PTFE membrane has a more effective vapor transport
pathway than the PP membrane, as represented by the smaller τδ/ε of
72.4 μm compared to 186.7 μm. Based on Eq. (1), the lower τδ/ε is more
favorable for vapor flux. However, according to Eq. (2), the larger pore
size of the PP membrane leads to a much higher Knudsen diffusion
coefficient, 0.20 cm2/s, than that of the PTFE membrane (0.04 cm2/s).
Since molecular diffusion coefficient of both membranes is identical
(0.27 cm2/s, as calculated using Eq. (3)), the observed higher Jv of the
PP membrane provides strong evidence that vapor flux through these
nanoporous membranes in VPDO is dominated by Knudsen diffusion.
4.3. Impact of hydraulic pressure on mass transfer
For the same transmembrane temperature difference, vapor flux in
VPDO decreases as the applied hydraulic pressure, Ph, is increased. The
effect of applied hydraulic pressure on Jv can be explained using the
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where Pv,C is the vapor pressure at the cold stream meniscus, ∗Pv,C is the
saturated vapor pressure of the cold stream at the liquid-air interface,
TC,m is the temperature of the cold stream, and Vm is the molar volume
of water. Eq. (11) indicates that higher Ph raises vapor pressure of the
cold stream meniscus, thereby lowering the transmembrane vapor
pressure gradient, Pv,H− Pv,C, and reducing the driving force for mass
transfer.
Vapor fluxes of the PP and PTFE membranes are presented in Fig. 6
as a function of the applied hydraulic pressure, and corresponding
predicted vapor fluxes are presented by the dashed lines. Due to the
relatively low hydraulic pressures applied in the study, theoretical
vapor fluxes only slightly decline as Ph increases, according to the
Kelvin equation (Eq. (11)), i.e., the dashed lines have a very small ne-
gative slope. As shown in Fig. 6, vapor fluxes of both PP and PTFE
membranes are detrimentally affected by the increasing hydraulic
pressure, but Jv of the PP membrane are less influenced compared to
the PTFE membrane at all transmembrane temperature gradients in-
vestigated in this study. We postulate that the applied hydraulic pres-
sure caused compaction of membrane coupons, leading to changes in
membrane structural parameters including thickness, porosity, tortu-
osity, and effective pore size, thereby affecting vapor fluxes. This ex-
plains the substantial decrease in experimental Jv compared with the
theoretical predictions using constant structural parameters (dashed
lines in Fig. 6; details of the model are presented in the following sec-
tion). Similar results have also been reported in previous VPDO studies
[15,20].
The extent of membrane compaction and the resultant impact on
vapor flux in VPDO depends on intrinsic membrane properties.
Specifically, with a higher porosity (Table 1) and looser structure
(Fig. 3), PTFE membrane is more likely to be compacted compared with
PP membrane, causing a more significant change in the effective
transport pathway, τδ/ε, under pressurization. Meanwhile, because PP
membrane has a relatively lower diffusivity dominated by its larger
pores, a certain change in τδ/ε will have less significant impact on its
overall vapor permeability coefficient, Bv (Eq. (1)), compared with
PTFE membrane. While the two membranes are exposed to the same
transmembrane vapor pressure difference under the same pressure,
change in Jv of PP membrane due to compaction is less sensitive than
PTFE membrane. Compaction of the PP membrane is minimal up to
≈210 kPa, but becomes noticeable at≈410 kPa (Fig. 6A). On the other
hand, vapor flux of the PTFE membrane is already detrimentally af-
fected at the moderate pressure of≈210 kPa, suggesting the membrane
structure altered significantly due to compaction (Fig. 6B).
4.4. Impact of membrane chemistry and structure on heat transfer
Due to temperature polarization, the actual temperature difference
across the membrane, TH,m− TC,m, differs from the bulk-phase tem-
perature difference, TH− TC. The effective driving force for vapor flux
is, therefore, reduced by temperature polarization [26,31,32]. At steady
state, heat fluxes in the boundary layers of both the hot and cold
streams are equal to the heat flux across the membrane, Q˙. Tempera-
tures at the liquid-air interface in Eq. (4) are expressed as
= −T T Q h˙ /H,m H H and = +T T Q h˙ /C,m C C, where hH and hC are heat
transfer coefficients within the hot- and cold-stream boundary layers,
respectively [32]. hH and hC are calculated using the Nusselt number,
Nu, the boundary layer thermal conductivity, kw, and the hydraulic
diameter of the membrane cell channel, Dh, using the relation h=Nu
(kw/Dh). Values of Nu are determined from empirical correlations
where flow in the hot-stream channel filled with woven tricot spacer is
assumed to be turbulent [31] (denoted by NuHTF, Eq. (12)) and the
Fig. 5. Vapor flux, Jv, as a function of bulk-phase temperatures of the hot stream, TH, under different operating hydraulic pressures, Ph, for A) PP and B) PTFE
membranes. The cold-stream temperature, TC, was kept at 273 K (20 °C) for all experiments. The red dashed line denotes the predicted vapor flux at Ph= 69 kPa
using the theoretical method described in section 4.3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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pressurized cold stream is considered to be laminar flow [23,31] (de-
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where l is the length of the channel, Re is the Reynolds number, and Pr
is the Prandtl number.
Heat flux through the PP and PTFE membranes, Q˙, during steady-
state VPDO is numerically calculated using Eq. (4) with the experi-
mental Jv. Thermal conductivity of the membrane, km, is determined
using the relation, km = (1− ε)kp + εkg, where kp and kg are the
thermal conductivities of the polymeric membrane material and gas
(i.e., air), respectively. The values of kp were adapted from properties of
PP (0.16Wm−1 K−1) and PTFE (0.25Wm−1 K−1) polymer [49], and
kg of 0.022Wm−1 K−1 was taken from the literature [50]. Vapor fluxes
of the PP and PTFE membranes at varying temperature gradients and an
applied hydraulic pressure of 68.9 kPa calculated using Eqs. (1)–(3) and
Eqs. 10 and 11 match the experimental data well (red dashed lines in
Fig. 5).
Evaporation thermal efficiencies, αevp, of the PP and PTFE mem-
branes calculated using Eq. (5) are presented in Fig. 7. Evaporation
thermal efficiencies of both the PP and PTFE membranes increase with
higher temperature gradients across the membrane, but decrease with
larger applied hydraulic pressures. We note that the impact of heat
transfer associated with vaporization of water (JvΔHv in Eq. (5)) on
evaporation thermal efficiency is more significant than conductive heat
loss (km/δ (TH,m−TC,m) in Eq. (5)). This is because Jv and, hence,
evaporative heat transfer, is exponentially dependent on the tempera-
ture gradient (Clausius-Clapeyron relationship, Eq. (10)), whereas
conductive heat transfer is linearly related. Therefore, αevp exhibits an
exponentially increasing tendency with transmembrane temperature
difference. The highest αevp of the PP and PTFE membranes achieved in
this study were 51.8% and 41.7%, respectively, at the same hot-stream
temperature, TH, of 70 °C and applied pressure, Ph, of 68.9 kPa. Detri-
mental effects of pressurization on αevp for both membranes are also
observed and, similar to the phenomenon in mass transfer (Figs. 5 and
6), PP is less affected. Again, this is because of the dominance of va-
porization of water (JvΔHv) in heat transfer, resulting in the perfor-
mance of αevp being substantially affected by Jv.
In general, the PP membrane presents higher evaporation thermal
Fig. 6. Vapor flux, Jv, as a function of the applied hydraulic pressure, Ph, at different transmembrane temperature gradients for A) PP and B) PTFE membranes. The
cold-stream temperature was kept at 273 K (20 °C) in all experiments. Dashed lines denote the predicted vapor flux at varying hydraulic pressures at different
transmembrane temperature difference, assuming constant membrane structural parameters, using the theoretical method described in section 4.3.
Fig. 7. Evaporation thermal efficiency, αevp, as a function of hot-stream temperature, TH, under different operating pressures for A) PP and B) PTFE membranes. Cold-
stream temperature, TC, was set as 273 K (20 °C).
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efficiency than the PTFE membrane. Since the evaporative heat is
carried by vapor flux, membranes with chemical and structural prop-
erties more favorable for mass transfer will, consequentially, also tend
to have higher αevp. As discussed in Section 4.2, chemical and structural
properties of the PP membrane yield a greater vapor permeability,
which explains the higher evaporation thermal efficiency. Similarly, the
PP membrane is comparatively less affected under pressurization and
exhibited less decay in vapor flux, therefore resulting in smaller de-
crease in evaporation thermal efficiency under rising hydraulic pres-
sures. Thermal conductivity of the membrane matrix (0.16 and
0.22Wm−1 K−1 for PP and PTFE, respectively) does not significantly
influence αevp because of the relatively small contribution of conductive
heat loss and the high porosity of the membranes.
5. Implications of membrane properties for VPDO power
generation
A theoretical model is established to understand mass and heat
transfer of the emerging VPDO technology for power generation using
low-temperature heat resources. Two commercial hydrophobic nano-
porous membranes of different material chemistry, PP and PTFE, and
structural properties are evaluated for VPDO performance. Vapor flux
and thermal evaporation efficiency of the two membranes demonstrate
good agreement with the model predictions. Vapor flux increases ex-
ponentially with the transmembrane temperature difference, under-
scoring the unique attribute of VPDO to advantageously leverage on the
exponential dependence of vapor pressure on temperature in the con-
version of low-temperature heat sources to useful work.
Thinner membranes with greater porosity and lower tortuosity will
yield larger vapor permeabilities, Bv (Fig. 5 and Eq. (1)), that improve
vapor flux and, thus, generate better power density performance for
VPDO energy production. While membranes with larger pores can fa-
cilitate vapor flux by enhancing the dominant transport mechanism of
Knudsen diffusion (Eq. (2)), as observed for the PP membranes, per-
formance advancements based on this approach will be constrained by
the need to maintain unwetted pores (Eq. (7) and Fig. 4). For super-
hydrophobic membrane materials, such as PTFE, chemical modifica-
tions to lower the surface free energy [51–53], and tailored surface
microstructures with special anti-wettability [54,55] can beneficially
increase the LEP to enable greater pressurization of the cold stream, and
allow membranes with larger pores and higher vapor permeability
coefficients to be utilized for VPDO. Composite or asymmetric mem-
branes can decouple the seemingly conflicting structural requirements
for anti-wettability and high vapor flux: having small pores at the
membrane surface fronting the pressurized stream will resist wetting
and allow greater hydraulic pressures to be utilized, and having high
porosity and large non-tortuous void structures for the rest of the
membranes will facilitate transport for high vapor flux. As the largest
pores are the first to be wetted, development of membranes with a
narrow dispersion of pore sizes will also be advantageous to enable
utilization of higher transmembrane hydraulic pressures.
The study showed that decay in vapor flux because of changes in
membrane morphology caused by compaction under hydraulic pres-
surization is related to membrane structural properties. The desired
membrane structure for large Bv, i.e., high porosity, appears to be in-
compatible with resistance to deformation. Therefore, efforts to im-
prove vapor permeability by tuning the membrane structure would also
need to balance the mechanical robustness requirement. It is worth-
while to note that the membranes evaluated in this investigation are not
designed for the specific operating conditions of VPDO and, hence,
there is considerable room for advancement. Here, unique scaffold ar-
chitectures that are highly porous without sacrificing sturdiness offer
opportunities to depart from this apparent tradeoff [56,57].
Evaporation thermal efficiencies improve at higher transmembrane
temperature gradients but decrease with larger applied hydraulic
pressure, with evaporative heat transfer being considerably more
significant than conductive heat loss. While a lower thermal con-
ductivity of the membrane polymer material has been suggested to be
beneficial for VPDO [16], its effects on both improving evaporation
thermal efficiency and maximizing power generation will be only
marginal. Our study indicates that membrane properties desirable for
mass transfer, i.e., high vapor permeability and resistance against de-
leterious compaction, are also key to efficient thermal utilizations of the
low-temperature heat resources and, thus, are the primary considera-
tions in developing membrane for high-performance VPDO.
Nomenclature
Acronyms
LEP liquid entry pressure
PP polypropylene
PTFE polytetrafluoroethylene
PRMD pressure-retarded membrane distillation
TOEC thermo-osmotic energy conversion
VPDO vapor pressure-driven osmosis
Symbols
Bv membrane vapor permeability (s m−1)
dp pore diameter of the membrane (nm)
dp,eff effective mean pore diameter of the membrane (nm)
dp,max maximum pore diameter of the membrane (nm)
Dh hydraulic diameter (m)
DK Knudsen diffusion coefficient (cm2 s−1)
Dwa molecular diffusion coefficient of the water-air system (cm2
s−1)
ΔF difference between gas flow rates of the dry and wet mem-
brane (L min−1)
hC heat transfer coefficient of the boundary layer in the cold
stream (W m−2 K−1)
hH heat transfer coefficient of the boundary layer in the hot
stream (W m−2 K−1)
ΔHv enthalpy of vaporization (kJ mol−1)
Jv vapor flux (kg m−2 h−1)
kg thermal conductivity of gas in membrane pores (W m−1 K−1)
km integral thermal conductivity of the membrane (W m−1 K−1)
kp thermal conductivity of the membrane polymer (W m−1 K−1)
kw thermal conductivity of the boundary layer (mW m−1 K−1)
l length of the water channel (m)
mdry mass of the dry membrane sample (g)
mwet mass of the wetted membrane sample (g)
Ma molar mass of air molecule (g mol−1)
Mw molar mass of water (g mol−1)
p bulk pressure in the membrane pore (kPa)
Pa pressure of air in the membrane pore (kPa)
Ph applied hydraulic pressure (kPa)
Pv,C vapor pressure of the cold stream (kPa)
Pv,H vapor pressure of the hot stream (kPa)
∗Pv,C saturated vapor pressure of the reference state at 298 K (kPa)
ΔP hydraulic pressure difference across the membrane (kPa)
ΔPl,C pressure difference across the liquid meniscus (kPa)
Q˙ total heat flux across the membrane (W m−2)
reff effective pore radius (nm)
Rg gas constant (J mol−1 K−1)
Ravg average surface roughness (nm)
T temperature (K)
TC bulk phase temperature in the cold stream (K)
TC∗ temperature of the reference state (K)
TH bulk phase temperature in the hot stream (K)
TC,m membrane interfacial temperature in the cold stream (K)
TH,m membrane interfacial temperature in the hot stream (K)
Va molar volume of air (ml mol−1)
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Vm molar volume of liquid water (ml mol−1)
Vw molar volume of water vapor (ml mol−1)
Greek letters
αevp evaporation thermal efficiency (%)
β constant coefficient for surface free energy (m4J−2)
γl surface tension of liquid (×10−3 N m−2)
γs surface free energy of membrane (×10−3 J m−2)
δm membrane thickness (μm)
δspt thickness of membrane support (μm)
ε membrane porosity (%)
θapp apparent water contact angle on a rough membrane surface
(°)
θin intrinsic water contact angle on a smooth surface (°)
ρp density of the membrane polymer (g cm−3)
ρw density of water (g cm−3)
τ pore tortuosity
Dimensionless groups
NuCLF Nusselt number for laminar flow in the cold stream








C cold stream side
d diameter
g gas
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